Summary, Rats were fed on diets containing either sucrose or starch as the carbohydrate component (55%) for eight months. Diabetes was induced in animals of both groups by injecting streptozotocin (50 mg/kg body weight). Diabetic rats failed to gain weight, had enlarged kidneys, polyuria and elevated blood glucose levels. Starch and sucrose fed rats gained weight normally and had normal blood glucose levels. Sucrose fed rats had enlarged kidneys. Regional thickening of the glomerular basement membrane was present in sucrose-fed and diabetic rats but not in starch-fed controls. Glomerular basement membrane isolated from pooled kidney cortices from rats in the different experimental groups were analysed for amino acid, disaccharide and hexosamine content. Hydroxylysine (9 to 20%), hydroxyproline (21 to 24%), disaccharide (27%) and hexosamine (26%) were increased in membranes insolated from the three experimental groups, compared with starch-fed non-diabetic controls. An increase in low molecular weight components of the glomerular basement membrane of sucrose-fed and diabetic rats was observed using electrophoresis in sodium dodecyl sulphate. Significantly higher (p < 0.001) glucosyltransferase activity was present in kidney supernatants prepared from sucrose-fed (1050 + 60nmol/2h/kidney) compared to starch-fed rats (510 + 40 nmol/2 h/kidney). Sucrose feeding induces changes similar to those found in diabetes and the induction of diabetes made little difference over the feeding of sucrose alone.
The consumption of sucrose-rich diets by rats results in impaired glucose tolerance [1] , decrease in the insulin sensitivity of adipose tissue [2, 3] and retinopathy [4, 5] . Dietary sucrose also produces abnormalities of the kidney, first reported as an enlargement of the organ [6] and the development of diffuse nephrocalcinosis [1] . Later work revealed that these changes are accompanied by an increase in the urinary excretion of N-acetyl-fl-glucosaminidase [6] and a thickening of the glomerular basement membrane [7] . This last feature is thought to be characteristic of the nephropathy of diabetes [8] and has been demonstrated in alloxan [9] and streptozotocin [10] diabetic rats.
Reports [11, 12, 13, 14] on the composition of glomerular basement membrane isolated from diabetic patients are conflicting and the different results reported by these groups may reflect differences in the severity or in the duration of the diabetes, or in the methods used to isolate the glomerular basement membrane. Some of the problems encountered in the study of pathological changes in patients may be overcome by the use of experimental animals. For example, rats fed diets containing sucrose for up to twelve months develop severe proteinuria and diffuse intercapillary glomerulosclerosis [7] . Rosenman et al. [7] noted the close resemblance between their results with sucrose-fed rats and those reported by Orskov et al. [15] in diabetic rats. Increased activity of the two glycosyltransferases involved in the synthesis of the Glc-Gal-Hyl unit of rat glomerular basement membrane has been shown in alloxan diabetes [16] .
The present studies were initiated to determine the long term effect of sucrose feeding on a number of parameters which are known to change in diabetes, namely, composition and thickness of glomerular basement membrane and glycosyltransferase activity. In addition the subunit composition of nor-real and pathological membranes were compared by polyacrylamide gel electrophoresis. These studies were also initiated because many reports have appeared in the literature concerned with diabetic animals in which the authors record the amount of carbohydrate, which may be as much as 60% of the diet, but fail to specify the sort of carbohydrates they have used. Sucrose is often a constituent of these diets and any effect of sucrose should be clearly differentiated from that of the diabetes. Since the development of microangiopathy is a long term effect in man, we undertook a long term study involving the maintenance of rats on control and experimental diets for eight months.
Materials and Methods

Animals
Sixty male Sprague-Dawley rats from Charles River Ltd. (280 to 300 g), were used in this study. Rats were divided randomly into two groups on reconstituted diets containing corn starch (55%), (ST) or an identical diet containing sucrose (55 %), (SU) [6] . After two weeks, half the rats in each group were given injections of streptozotocin (50 mg/kg body weight) into the tail vein. Food and water were administered ad libidum and the rats were weighed periodically. Rats were occasionally placed in metabolic cages and twenty-hour urine samples collected. Rats were killed by exsanguination under ether when they were nine months old and serum prepared. Urine protein and sugar content was determined with Clinistix (Ames Ltd.) and serum glucose levels monitored using a glucose oxidase test kit (Boehringer Ltd.)
Preparation and Analysis of Glomerular Basement Membrane
Glucosyltransferase Assay
The renal cortex was dissected free of medulla of single kidneys from 5 SU and 5 ST fed rats and placed on ice. The cortices were diced and disrupted in an all-glass, hand operated, loose fitting Potter-Elvehiem homogeniser in 2 vol of ice cold 0.15 mol/1 Trisacetate buffer, pH 6.8, containing 0.002 tool/12-mercaptoethanol. The homogenate was centrifuged at ll,500g for 15 min (ray 107 mm) at 4 ~ in a high speed 18 centrifuge (MSE Ltd., Crawley, Sussex). The resulting supernatant contained the glucosyltransferase enzyme.
The substrate used in the assay of transferase activity was deglucosylated glomerular basement membrane. Normal membrane prepared from three month old Sprague-Dawley rats was hydrolysed with 0.1 tool/1 sulphuric acid for 20 h at 100~ [16] , adjusted to pH 6.8 with 2.5 mol/1 sodium hydroxide and taken to dryness on a rotatory evaporator. The dried deglucosylated glomerular basement membrane was then resuspended in 0.15 mol/l Tris-acetate buffer, pH 6.8, containing 0.002 mol/l 2-mercaptoethanol to a concentration of 12.5 mg/ml.
Deglucosylated membrane (40 ~tl), 0.25 mol/1 manganous acetate (10 ~tl) and 0.5 mmol/1UDP [14C] glucose (10 ul; Radiochemical Centre, Amersham) with a specific activity of 12.5 mCi/mmol (original specific activity: 306mCi/mmol) were added to the enzyme supernatants (100 ,al) in polypropylene tubes. The manganous acetate and UDP [14C] glucose were also made up in 0.15 mol/1 Tris-acetate buffer, pH 6.8. The mixtures were incubated at 37 ~ for 2 h, 2.5 tool/1 sodium hydroxide (0.4 ml) added to each tube, and the samples prepared and hydrolysed as described for the determination of Glc-Gal-Hyl. After hydrolysis the samples were diluted with deionised water (4 ml), adjusted to pH 3, taken to dryness on an Evapomix and stored at -20~ or analysed immediately for Glc-Gal-Hyl content and radioactivity. The dried samples were dissolved in 0.033 mol/1 trisodium citrate (0.5 ml) at pH 5.0 and analysed for Glc-Gal-Hyl, except that for these samples a split-stream attachment was used and 50% of the eluate was recovered in a fraction collector (LKB, Bromma, Sweden) as 2.5 ml fractions. Scintillant (10 ml) consisting of 2-(4-tertbutylphenyl)-5-(4"biphenyl)-l,3,4-oxidiasole (20%) dissolved in a 2 : 1 mixture of toluene (BDH Ltd., Poole, Dorset) and Triton X 100 (Sigma Chemical Co., St. Louis, Mo., U.S.A.) was added to 1 ml of each fraction and the radioactivity counted on a liquid scintillation counter (Phillips, Eindhoven, Holland). Glomerular basement membrane was prepared from pooled cortices and separated from the kidneys of two groups of sucrose or starch-fed rats (5 rats in each group) and one group of either starch-fed (STD) or sucrose-fed (SUD) diabetic rats (5 in each group) as described previously [17] . The amino acid [18] , Glc-GalHyl [19, 20] and amino-sugar content [21] were determined using well-established methods. The yield of glomerular basement membrane was insufficient to allow a full analysis of sugar content tO be carried out and the hexosamine content was measured as being representative of the heteropolysaccharide unit.
Glomerular basement membrane (2.5 mg/ml) was solubilised for 16 h by shaking at 37 ~ in 0.1 mol/1 sodium phosphate buffer, pH 7.1, containing 1% (w/v) sodium dodecyl sulphate and 1% (v/ v) 2-mercaptoethanol. Solubilised membrane accounted for about 80% of the total on the basis of protein concentration determined by the Folin method [16] and from amino acid data. Separation of the components of the solubilised membrane was achieved on 5% polyacrylamide gels in 0.1 mol/l sodium phosphate buffer, pH 7.1, containing 0.1% sodium dodecyl sulphate [22] . Gels were stained in 0.25% Coomassie Blue, destained in 10% acetic acid and photographed. Molecular weight markers in the range 53,000 to 265,000 (BDH Ltd., Dorset) were used to calibrate the gels.
Electron Microscopy
Each half kidney was immediately immersed in paraformaldehyde (2% w/v) and glutaraldehyde (2.5% w/v) in 0.1 mol/1 phosphate buffer, pH 7.0. Cortex was then cut into 1 mm 3 and allowed to fix for 1 h at 4~ They were washed twice with 0.1 mol/1 phosphate buffer, pH 7.0, at 4 ~ and once at room temperature. The cubes were then transferred to osmium tetroxide (1% w/v) in 0.1 mol/l phosphate buffer, pH 7.0, for 1 h, dehydrated and embedded in resin. Sections were cut on an LKB Ultratome and stained with uranyl acetate (saturated solution in 50% ethanol) and lead citrate and observed with an AEI EM6B electron microscope.
The thickness of glomerular basement membrane was measured from photographs using an Anastigmat Lupe 4X (Peak Ltd., Japan). Results from photographs of different magnifications were standardised using an Ultrastructure Size Calculator (Polaron Equipment Ltd., London, U. K.). Ten measurements were made along each selected section of normal or thickened glomerular basement membrane, portions were selected for measurement where the plane of the section appeared to be perpendicular to the basement membrane. Ten sections were measured making a total 
. II).
Each point is mean _+ SD; n was 5, 7, 5 and 7 in the SUD, STD, SU and ST groups respectively of one hundred measurements per rat. Photographs of sections from rats in each of the experimental and control groups were selected at random for measurement of membrane thickness.
Results
The general condition of the animals is detailed in Table 1 . The feeding of sucrose did not affect the body weights of the rats or apparent well-being as compared with those fed starch. However, sucrose produced heavier kidneys than did starch. The diabetic rats had impaired growth ( Table 1 , Fig. 1 ) and their kidneys were heavier than those of the nondiabetic rats. The mortality rate was higher in the diabetic groups and 40% of the animals died during the eight months experimental period. The rats in the STD and SUD groups remained diabetic throughout the experiment as judged by the presence of polyuria (Table 1 ) and glucosuria. Blood glucose levels determined at the end of the experiment demonstrated that the SU and ST rats were not hyperglycaemic. In contrast, blood glucose levels were elevated in the diabetic rats and values in excess of 800 mg/100 ml serum were found in some animals. Mild proteinuria was present in each of the four groups.
Thickening of the Basement Membrane
Basement membrane thickening was not uniform and was usually associated with membrane of normal thickness (Fig. 2, b, c and d) . Measurements of normal sections of membrane were made along the same sections of basement membrane which also had thickened regions. Table 2 contains a comparison of the width of normal and thickened membranes from SU, STD and SUD rats, no thickened membrane was noted in the ST group (Fig. 1 a) . The data presented in Table 2 indicate that the thickness of normal membrane was similar in all four groups and that regions of the membrane were increased in thickness between 50 and 100% in the SU, STD and SUD groups. Sections of the glomerular basement membrane which had been cut obliquely such as in the left top corner of Figure 2 a were not measured.
Composition of Glomerular Basement Membrane
The yield of glomerular basement membrane was 71, 92, 100 and 100 rag/100 g wet cortex from ST, SU, STD and SUD rats respectively. Compared with the starch-fed control animals, there was increased hy- droxylation of lysine and proline in the sucrose-fed rats (Table 3 ). These differences are more evident from the ratios of lysine to hydroxylysine and proline to hydroxyproline. The higher content of hydroxylysine was accompanied by a lower content of lysine such that the sum of the lysine and hydroxylysine showed little variation. This contrasts with the increase in the total content of proline and hydroxyproline seen in the sucrose-fed rats. All other amino acids were unaffected.
Comparison of the amino acid composition of glomerular basement m e m b r a n e of diabetic rats fed sucrose or starch diets demonstrated that there was an increase in the hydroxylation of lysine and proline c Calculated from [40] ( Table 3 ) when compared with the ST group. The ratio of lysine to hydroxylysine was greatest in the ST group and lowest in the SU group. The proline to hydroxyproline ratio was lowest in the SUD group and highest in the ST group. The content of Glc-Gal-Hyl units and of Gal-Hyl units from the SU rats was 40% greater than that in glomerular basement membrane from ST rats, while SUD rats showed a 17% rise in Glc-Gal-Hyl unit content over the STD rats (Table 3 ). Diabetes alone also caused an increase in glycosylation which can be seen by comparing the results from ST and STD rats ( Table 3 ). The disaccharide content increased in parallel with the hydroxylysine content in all three experimental groups. There was in increased percentage glycosylation of the hydroxylysine by disaccharide in the SU and SUD rats when compared with ST and STD rats. Less significant changes were noted in the Gal-Hyl content of SU and SUD rats.
The glucosamine content of glomerular basement membrane was greater in the SU rats than in the ST rats and also greater in SUD rats than in the STD rats (Table 3 ). The STD rats had an increased proportion of these amino sugars compared to the ST controls, however there was little difference between the SUD and SU rats. No difference was found in the galactosamine content of membrane prepared from the four experimental groups. a % glycosylation was determined by dividing the Glc-Gal-Hyl content of the membrane expressed as residues/1000 by the content of Hy! and multiplying by 100
Polyacrylamide Gel Electrophoresis
Solubilised glomerular basement membrane from ST rats separated into 13 bands of varying intensities over the molecular weight range 30,000 to 300,000 (Fig. 3) . The major components had molecular weights greater than 100,000. Glomerular basement membrane from SU rats on the other hand, showed a greater proportion of subunits in the low molecular weight range (30,000 to 100,000) with an apparent decrease in the higher molecular weight subunits above 200,000.
ferences in the band patterns in the presence and absence of the inhibitor were found. This finding is similar to that of Freytag [23] who found that the omission of protease inhibitors in the preparation of bovine glomerular basement membrane resulted in the recovery of only one additional minor band. The possibility that changes in the band pattern seen on polyacrylamide gels might be due to protease activity was the subject of a series of parallel experiments in which glomerular basement membrane was prepared in the presence of the protease inhibitor, phenylmethylsulphonylfluoride (1 retool/l). No dif-
Kidney Glucosyltransferase Activity in SU and ST Rats
The activity of glucosyltransferase in the kidney of SU rats was twice that found in ST rats when the results were expressed per total kidney weight (Fig. 4a) . A smaller (approx. 50%) increase was found when the results were expressed per g cortex (Fig. 4 b) . These differences were found if the results were expressed in terms of DPM of [14C] glucose transferred to deglucosylated basement membrane as well as nanomoles of Glc-Gal-Hyl recovered in the substrate as in Figure 4 . Each batch of deglucosylated glomerular basement membrane used as acceptor substrate was shown to contain only Gal-Hyl units.
Discussion
The irregular thickening of glomerular basement membrane observed in this study was similar to that reported previously [5] on the basis of light microscopic techniques. The same group also reported the presence of enlarged kidneys in rats fed diets containing large amounts of sucrose (79%). In addition sucrose-fed rats were found to develop severe albuminuria, glomerulosclerosis and impaired glucose tolerance [1, 7] . Our electron microscopy studies also demonstrated the presence of irregular thickening of the glomerular basement membrane in sucrose-fed animals but not in the starch-fed controls. Rats fed the same diets but made diabetic with streptozotocin also had thickened regions in their basement membrane. Thickening of the glomerular basement membrane in streptozotocin diabetic rats of similar ages to the animals used in this study have been reported previously [24, 25] . The thickness of glomerular basement membrane in the ST control rats agreed closely with that calculated from electron micrographs of 1-2 year old rats (Table 2) .
Sucrose diets have also been shown to introduce microaneurysms of the capillary bed of the retina of rats [5] . Dietary sucrose therefore induces two of the prime manifestations of diabetes, namely, retinopathy and thickening of the glomerular basement membrane. The mechanism of the thickening is still not understood but it is of interest to note that growth hormone enhances basement membrane thickening in streptozotocin diabetic rats [10] and that good blood glucose control preserved normal glomerular basement membrane thickness [24] . The latter finding contrasts with our finding that the thickening occurred in sucrose-fed rats with normal blood sugar levels as well as in diabetic rats with elevated sugar levels in their serum.
Glomerular basement membrane contains hydroxyproline and hydroxylysine together with a large number of glycine and proline residues, and for these reasons is considered to be a member of the collagen family. Collagen may be present as a discrete macromolecule, so-called type IV collagen [26] , but this suggestion has been disputed [27, 28] . Rat glomerular basement membrane has less hydroxyproline and glycine, and more hydroxylysine and carbohydrate, than has fibrillar collagen. Moreover, rat glomerular basement membrane contains a substantial amount of cysteine, a residue normally absent from fibrillar collagen except for a very small amount in type III collagen [29] .
Whether thickened basement membrane has an abnormal chemical composition is a matter of some controversy. Previous studies with diabetic patients [11, 12] and alloxan diabetic rats [30] have produced conflicting results. Beisswenger and Spiro [11] reported an increased Glc-Gal-Hyl content in glomerular basement membrane isolated from diabetic patients. Kefalides [12] was unable to confirm these changes, but found significantly less cysteine and sialic acid in the glomerular basement membrane from diabetic subjects. Westberg and Michael [14] also reported less cysteine and sialic acid but, unlike Kefalides, found an increase in the amount of glucose. Sato et al. [13] found significantly more hydroxyproline, but less cysteine, glucose, mannose and sialic acid in diabetic glomerular basement membrane. They did, however, find that the hydroxylysine content was raised in diabetic tubular basement membrane.
Little attention has been paid to the chemical composition of glomerular basement membrane in sucrose-fed rats, although an increase in acid-soluble collagen content and a change in the ratio of insoluble to soluble collagen in the aorta of rats fed a high sucrose diet, compared with animals fed a high starch diet has been demonstrated [31] . An increase has also been observed in the hydroxyproline content of human diabetic retinal vascular system reflecting an increase in this hydroxyproline-rich tissue [33] .
In this study we have found an increase in the amounts of hydroxyproline in SU and diabetic rats, which may indicate an increase in the collagen-like regions of the glomerular basement membrane. The most significant differences were noted in the GlcGal-Hyl content of the membrane. Approximately 84% of the hydroxylysine from glomerular basement membrane of ST rats was found to be glycosylated, and another 6.3% were combined with single galactose residues. This agrees well with the results reported by Beisswenger and Spiro [11] , who found that 76% of the hydroxylysine in human glomerular basement membrane contained the disaccharide and 5 % contained galactose alone.
Spiro and Spiro [16] have suggested that no more than 80% of the hydroxylysine of normal membrane is combined with disaccharide units because further glycosylation is prevented by steric or other factors. Further hydroxylation of lysine residues must precede the incorporation of additional carbohydrate units. The greater amount of hydroxylysine and GlcGal-Hyl in glomerular basement membrane prepared from both the SU rats and the diabetic rats suggests more hydroxylation of lysine with subsequent glycosylation of the additional hydroxylysine residues.
Hudson and Spiro [33] solubilised a large range of subunits from bovine glomerular basement membrane with molecular weights between 25,000 and 250,000. These subunits varied from components with amino acid composition similar to fibrillar collagen which are rich in hydroxylysine, to others that contained a high proportion of polar amino acids. The increased glycosylation in the sucrose-fed diabetic rats may then result from an increased production of these hydroxylysine-rich regions rather than an overall increase in hydroxylation of lysine [11] .
The hydroxylysine, hydroxyproline, Glc-Gal-Hyl and hexosamine content of glomerular basement membrane isolated from sucrose-fed or diabetic rats increased when compared with rats fed stock or starch diets. The original report of Beisswenger and Spiro [11] that the hydroxyproline, hydroxylysine, glycine and Glc-Gal-Hyl content of human diabetic membrane are increased has recently been confirmed in age-matched patients with diabetes of at least ten years' duration [34] . These authors also showed a decrease in cysteine [34] but no change in hexosamine. The increase in the Glc-Gal-Hyl content of glomerular basement membrane of rats fed sucrose or with streptozotocin diabetes is a new finding since Beisswenger [35] had previously failed to detect any difference in the constituents of normal and diabetic rat membranes. Examination of the kidneys of the rats used in Beisswenger's experiments [35] by light microscopy techniques failed to demonstrate any differences between the diabetic and the control animals and it should be noted that the animals used in his experiment had been diabetic for fourteen months.
In addition, we also found a higher content of glucosamine in diabetic and in sucrose-fed rats. Spiro's group found no change in the hexosamine content of glomerular basement membrane from diabetic patients, but Sato et al. [13] have reported that diabetic patients have more hexosamine in the tubular basement membrane.
The higher kidney glucosyltransferase activity found in sucrose-fed rats is consistent with the increased Glc-Gal-Hyl in their glomerular basement membrane. Increased transferase activity was originally reported by Spiro and Spiro [16] in young alloxan induced diabetic rats. Our data conflict with Duhault and Lonchampt [36] who failed to find an increase, but these authors used a non-specific method which entailed counting radioactivity in trichloracetic acid precipitates and not by the more accurate procedure of isolating the products of the transferase reaction. Risteli et al. [37] reported an increase in the four enzymes involved in the intracellular post-translational modifications of collagen polypeptide chains in the kidneys of rats which had been diabetic for three months. Grant et al. [38] demonstrated increased synthesis of hydroxyproline and hydroxylysine in glomeruli isolated from streptozotocin diabetic rats. Incorporation studies have failed to demonstrate any differences in the rate of protein synthesis in normal and diabetic glomeruli [35, 38] .
The increase in the Glc-Gal-Hyl content and transferase activity indicates that modification in the post-translational stages of the biosynthesis of glomerular basement membrane had occurred in sucrose-fed rats. Both these changes also occur in streptozotocin diabetic rats. The increase in the low molecular weight components found in this study also indicate that abnormalities of biosynthesis other than hydroxylation and glycosylation occur in sucrose-fed and Streptozotocin diabetic rats.
The sucrose-fed animal has many features which resemble those found in diabetes and when rats fed these diets were also made diabetic the effects were not additive. The renal changes were therefore as severe in sucrose-fed as in diabetic animals but polyuria, elevated blood glucose levels and weight loss were not found in the sucrose-fed animals. A reversible impairment of glucose tolerance has been reported in sucrose-fed rats [39] and clearly in diabetic experiments diets containing sucrose should not be fed. The perturbation of metabolism induced by changing the type of carbohydrate in the diet may therefore provide a useful model with which to study the biochemical mechanisms underlying diabetic microangiopathy.
